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INTRODUCTION

There is a growing interest in investigating the effect of 
inhibitory neurotransmission by γ-aminobutyric acid (GABA), 
which hints a potential benefit in counteracting the sleep dis-
ruption induced by various conditions such as stress, diseas-
es and caffeine consumption among many others. GABA is 
a non-protein, four-carbon amino acid ubiquitously existing in 
living organisms. It functions as a major inhibitory neurotrans-
mitter in the mammalian central nervous system (Watanabe et 
al., 2002) and is synthesized through the catalysis of glutamic 
acid decarboxylation by glutamic acid decarboxylase (GAD). 
One of the major external sources of GABA is in plants as 
a bioactive component (Narayan and Nair, 1990). In partic-
ular, GABA was found to accumulate from water-soaking of 
rice germ (Saikusa et al., 1994). GABA production was then 
enhanced by various techniques including glutamic acid and 
calcium solution, or soaking and gaseous treatment of germi-
nated brown rice (Oh, 2003; Komatsuzaki et al., 2007). Inter-

estingly, reports have suggested GABA to possess functional 
health benefits, showing potential therapeutic effects on blood 
pressure, stress, cancer, and inflammatory diseases (Naka-
mura et al., 2000; Oh and Oh, 2004; Akama et al., 2009; Na-
kamura et al., 2009; Tian et al., 2011). 

Several lines of evidences suggest the role of GABA mech-
anisms on sleep (Gottesmann, 2002). Studies suggest that 
GABA receptor agonists and uptake inhibitors alleviate sleep 
disturbance and help regulate circadian rhythm (Turek and 
Losee-Olson, 1986; Mathias et al., 2001). GABAergic neurons 
in the thalamus is also thought to play an important role in the 
regulation of sleep (Juhász et al., 1989). Since GABA could 
be readily available in a dietary formula, finding evidences for 
its therapeutic benefits in a wide variety of health conditions 
would be valuable.

For decades, caffeine, or 1,3,7-trimethylxanthine, has been 
one of the most widely used psychoactive substances due to 
its worldwide high consumption of soda, coffee, tea, energy 
drinks, and cocoa, among others (Barone and Roberts, 1996;  
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γ-Aminobutyric acid (GABA), a major inhibitory neurotransmitter in the mammalian central nervous system, is involved in sleep 
physiology. Caffeine is widely used psychoactive substance known to induce wakefulness and insomnia to its consumers. This 
study was performed to examine whether GABA extracts from fermented rice germ ameliorates caffeine-induced sleep distur-
bance in mice, without affecting spontaneous locomotor activity and motor coordination. Indeed, caffeine (10 mg/kg, i.p.) delayed 
sleep onset and reduced sleep duration of mice. Conversely, rice germ ferment extracts-GABA treatment (10, 30, or 100 mg/
kg, p.o.), especially at 100 mg/kg, normalized the sleep disturbance induced by caffeine. In locomotor tests, rice germ ferment 
extracts-GABA slightly but not significantly reduced the caffeine-induced increase in locomotor activity without affecting motor 
coordination. Additionally, rice germ ferment extracts-GABA per se did not affect the spontaneous locomotor activity and motor 
coordination of mice. In conclusion, rice germ ferment extracts-GABA supplementation can counter the sleep disturbance induced 
by caffeine, without affecting the general locomotor activities of mice.
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Frary et al., 2005; Beckford et al., 2015). It has been claimed 
that 90% of adults in the US take at least a meal or beverage 
every day which contains caffeine (Frary et al., 2005), while 
the consumption of caffeinated drinks in children and adoles-
cents have increased to up to 48% since three decades ago 
(French et al., 2003). In the US, the average daily consump-
tion of caffeine from beverages is 165 ± 1 mg (>2 years of age) 
while the 90th percentile consumes up to 380 mg/day (Mitchell 
et al., 2014), which is almost similar with the UK population, 
including food intake (Fitt et al., 2013). 

Caffeine, generally known to antagonize adrenergic recep-
tors that modulates an inhibitory effect on neuronal processes 
(Dunwiddie and Masino, 2001), promotes brain excitation. 
It is widely known to maintain wakefulness while enhancing 
alertness and performance in many energy-exhausting tasks 
(Smit and Rogers, 2002). Moreover, there is a vast majority 
of literature citing and suggesting the beneficial effects of caf-
feine to human health, extending its preventive role in meta-
bolic syndromes such as obesity (Westerterp-Plantenga et al., 
2006; Hino et al., 2007). On the other end, many research-
ers identified evidences of the adverse effects of high caffeine 
consumption, especially in relation to cardiovascular problems 
(Heckman et al., 2010). In addition, while individuals consume 
caffeine to enhance their daily performance, they consequent-
ly experience insomnia and decreased overall sleep quality 
(Shirlow and Mathers, 1985; Landolt et al., 2004). The pro-
posed benefits of caffeine are seemingly disparaged by its 
side effects, affecting the quality of life of its consumers. In ad-
dition to the use of caffeine as a model system to induce sleep 
disturbance in animals and human in laboratory settings, an 
agent to neutralize the sleep-disrupting properties of caffeine 
should be beneficial in everyday life as well.

In this study, we evaluated the attenuating effect of GABA 
extract obtained from rice germ ferment (rice germ ferment 
extracts-GABA, RFE-GABA) to caffeine-induced sleep disrup-
tion. We hypothesized that the sleep onset delay and sleep 
reduction in mice caused by caffeine may be counteracted 
by GABA. Furthermore, it is our aim to show that RFE-GABA 
can supplement caffeine to improve sleep without affecting the 
overall locomotor performance in mice.

MATERIALS AND METHODS

Animal care and treatment
Male ICR mice weighing 24-30 g were obtained (Hanlim 

Animal Co., Hwasung, Gyeonggi-do, Korea) and used in the 
experiments. The animals were maintained in cage groups in 
a room with automated systems for lights on and off cycle ev-
ery 12 h (7AM: 7PM) and a constant temperature (22 ± 2oC) 
and humidity (55 ± 5%). They were given food and water ad li-
bitum, except for the night before experiments when food was 
removed. The number of animals used in every experiment 
and the extent of their sufferings were carefully minimized. 
Treatment and maintenance of mice were done in accordance 
to the Principle of Laboratory Animal Care (NIH publication 
No. 85-23, revised 1985)(National Institute of Health, 1985, 
Guide for the care and use of laboratory animals) and the Ani-
mal Care and Use Guidelines of Sahmyook University, Korea 
(SYUIACUC2014-017).

Materials
Rice germ ferment extracts containing 15% GABA (w/w) 

(RFE-GABA) obtained from Biovan Co. Ltd (Chunchen, Ko-
rea) was dissolved in distilled water just before the experi-
ment, while the caffeine powder (Sigma-Aldrich, St. Louis, 
MO, USA) is prepared in saline. Pentobarbital sodium was 
obtained from Hanlim Pharm. Co., Ltd. (Seoul, Korea) and di-
azepam from Samjin Pharm. Co., Ltd. (Seoul, Korea). Malto-
dextrin (Nutriose) which was used as vehicle of RFE-GABA 
was purchased from Roquette Freres (Lestrem, France). 

Treatments with RFE-GABA and caffeine
Forty-five minutes prior to pentobarbital-hypnosis test and 

1h before open field and rotarod tests, mice were treated with 
RFE-GABA extracts (10, 30, 100 mg/kg, p.o.), maltodextrin ex-
tracts (100 mg/kg), or distilled water (vehicle). To induce sleep 
disruption, caffeine (10 mg/kg) (Huang et al., 2005) was given 
intraperitoneally (i.p.) 30 min before the above-mentioned 
tests. The caffeine dosage was selected after our preliminary 
test yielded a result demonstrating 10 mg/kg significantly in-
duced sleep disruption over 5 and 15 mg/kg.

Pentobarbital-induced sleep
Pentobarbital-induced sleep was conducted according 

to previously established methods with slight modifications 
(Ojima et al., 1995). Forty-five minutes after RFE-GABA treat-
ment and 30 minutes after caffeine administration, sodium 
pentobarbital (42 mg/kg) (Ma et al., 2009) was administered 
intraperitoneal in each mouse. The time elapsed from the ad-
ministration to the loss of righting reflex (sleep onset) and the 
time from the loss of righting reflex to its return (sleep duration) 
were measured in seconds. 

Open field test
To evaluate locomotor activity (Vuillermot et al., 2011), mice 

were gently placed in an open-field arena made of a square 
Plexiglas container (42×42 cm) with its field bordered with 42 
cm sidewalls. A 2 min habituation was done before the ac-
tual test to remove the bias of novelty. Distance travelled and 
movement duration were observed and measured for 10 min-
utes using Ethovision (Noldus Information Technology, Wa-
geningen, Netherlands) system.

Rota-rod test
Motor control, balance, and coordination were tested using 

rota-rod test. Mice were trained a day prior to the experiment 
through placing them on a rotating rod at 36 r.p.m. over a pe-
riod of 3 min. During the actual test, latency to fall and falling 
frequency were observed and recorded for 10 min.

Statistical analysis
All results were presented as means and standard error of 

the mean (± S.E.M.). One way analysis of variance (ANOVA) 
was applied to analysis statistical significance followed by 
Dunnett's post hoc test which compare the effects of each 
group versus the vehicle group. All statistical analyses were 
conducted using GraphPad Prism Version 4.01 software (Cali-
fornia, USA).
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RESULTS

RFE-GABA treatment improves sleep duration from 
caffeine-induced sleep disturbance model

Test materials were administered 45 minutes prior to pen-
tobarbital-induced sleeping test. Under this condition, RFE-
GABA did not show any differences in the onset of sleep (Fig. 
1A) compared to its vehicle groups using one-way ANOVA 
[F(4,49)=2.150, p<0.0901]. However, RFE-GABA exhibited a 
significant effect on sleep duration of mice compared to the 
vehicle treatment [F(4,43)=4.709, p<0.0034], especially at 30 
and 100 mg/kg dosages, but not at 10 (Fig. 1B).

To test whether RFE-GABA can counteract the sleep dis-
rupting effect of caffeine, we added the administration of 
caffeine 10 mg/kg i.p. and diazepam 10 mg/kg i.p. (positive 
vehicle) in another set of animals following the above-men-
tioned procedure. Using one-way ANOVA, significant differ-
ences were seen among the test materials in the sleep onset 
time (Fig. 1C) of mice [F(6,105)=6.976, p<0.0001]. In the post 
hoc comparisons, sleep onset time of caffeine-treated group 
was significantly increased as compared to the vehicle group 
(p<0.001). Sleep onset time of RFE-GABA-treated group at 
10, 30 and 100 mg/kg were dose-selectively normalized to 
vehicle sleep onset time (p<0.05, p<0.05, p<0.001, respec-
tively). Sleep duration (Fig. 1D) analysis of one-way ANOVA 
also showed significant differences among test materials 
[F(6,101)=17.36, p<0.0001]. Post-hoc analysis revealed reduced 

level of sleep duration in caffeine-treated group compared to 
vehicle group (p<0.05). Interestingly, sleep duration of RFE-
GABA-treated groups at 10 and 100 mg/kg were normalized to 
vehicle levels (p<0.05 and p<0.001, respectively vs caffeine), 
but not at 30 mg/kg. The overall result suggests that caffeine 
affects the sleep quality of mice and treatment of RFE-GABA 
could counteract this caffeine-induced sleep disruption.

Effects of RFE-GABA treatment on the hyper-locomotive 
activity of caffeine in mice

RFE-GABA was assessed for ameliorating effects on caf-
feine-induced increase in spontaneous locomotor activity in 
mice. RFE-GABA and their vehicles were administered 1h 
prior to the experiments while caffeine was administered in-
traperitoneally, 30 minutes after RFE-GABA was given. One-
way ANOVA analysis revealed no significant difference among 
groups in the distance moved [F(5,48)=1.174, p<0.3377], but an 
effect was observed in the movement duration [F(5,48)=3.751, 
p<0.0066] (Fig. 2A, 2B). Post hoc analysis of movement dura-
tion parameter showed a significant increase in caffeine and 
caffeine+MD treated groups compared to vehicle group (both 
p<0.01). It must also be noted that groups administered with 
RFE-GABA have slightly lowered levels in both parameter, 
though not significant.

In the center area analysis (Fig. 2C, 2D), the duration of 
stay parameter [F(5,48)=3.066, p<0.0183] revealed an increase 
in time spent in the center area of the caffeine-treated group 

Fig. 1. Effects of RFE-GABA treatment on onset (A) and duration (B) of sleep in pentobarbital-induced sleeping test. Caffeine was in-
troduced 30 min prior to the test to induce sleep disruption in mice. Figures 1C and 1D show the effects of RFE-GABA in pentobarbital-
induced sleeping test after caffeine administration. Each bar represents the mean ± S.E.M. and statistics were analyzed using one-way 
ANOVA. *p<0.05, **p<0.01, and ***p<0.001. Abbreviations: Veh: vehicle; MD: maltodextrin; DZP: diazepam; RFE-GABA: rice germ fer-
mented extract of γ-Aminobutyric acid (Each group, n=10).
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as compared to the vehicle group (p<0.05). There is no sig-
nificant differences between groups, however, in the distance 
moved [F(5,48)=2.158, p<0.0757]. Notably, RFE-GABA admin-
istration tends to normalize the caffeine-induced increased 
locomotor activity and decreased anxiety of mice in the center 
area showing slight decreases in both parameters. But the 
rotarod motor performance of mice (Fig. 2E, 2F) was not af-
fected by caffeine and RFE-GABA administrations in both the 
latency to fall [F(5,48)=0.03267, p<0.9994] and fall frequency 
[F(5,48)=0.1294, p<0.9849] parameters. 

These findings show the movement-enhancing activity of 
caffeine by inducing increased spontaneous locomotor activ-
ity without affecting motor coordination and balance. Further-
more, the administration of RFE-GABA could slightly normal-
ize the effects of caffeine on hyperlocomotion as well as on the 
decreased anxiety and/or impulsivity.

RFE-GABA treatment does not affect the locomotor  
performance in mice

To confirm that RFE-GABA does not induce sedative prop-
erties that may affect the spontaneous locomotor activity and 
motor coordination of mice, open field and rotarod tests were 
performed 1 h after designated treatments. In the open field 
test, one-way ANOVA revealed no decrement in the param-
eters of locomotor activity of RFE-GABA-treated mice (Fig. 
3A, 3B) in both distance moved [F(4,98)=0.1268, p<0.9724] and 
movement duration [F(4,98)=0.1077, p<0.9796]. Center area 

movement analysis of anxiety and exploratory behavior (Fig. 
3C, 3D) also did not differ between groups in both distance 
moved [F(4,98)=0.4397, p<0.7796] and time spent parameters 
[F(4,98)=0.1347, p<0.9691]. Finally, in the rotarod test assess-
ment of balance and motor coordination (Fig. 3E, 3F), no sig-
nificant effect was observed among the treatment groups in 
both latency to fall [F(4,94)=0.1259, p<0.9728] and fall frequency 
[F(4,97)=0.6109, p<0.6558]. These results affirm that RFE-GA-
BA itself does not affect the spontaneous locomotor activity 
and motor coordination of mice under normal conditions.

DISCUSSION

In this study, we demonstrated administration of GABA 
from rice germ ferment extracts counteracts caffeine-induced 
sleep disturbance such as sleep onset delay and decreased 
sleep reduction in mice. Our results showed increased sleep 
duration from RFE-GABA administration, which remarkably 
neutralized the sleep disrupting effects of caffeine. In addition, 
RFE-GABA treatment did not influence the general locomotor 
performance of mice. More interestingly, RFE-GABA showed 
a tendency to mitigate the caffeine-induced increase in loco-
motor activity of mice. Furthermore, RFE-GABA slightly, albeit 
not significant, neutralized the caffeine-induced decreased 
anxiety-like behavior. To our knowledge, this is the first study 
showing the prospect of RFE-GABA supplementation in allevi-
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Fig. 2. Effects of RFE-GABA treatment on caffeine-induced locomotor activity and coordination of mice. Open field test was performed 
measuring the distance moved (Fig. 2A), movement duration (Fig. 2B), distance moved in the center (Fig. 2C), and time spent in the cen-
ter (Fig. 2D) parameters. Fig. 2E and 2F demonstrate the effects of RFE-GABA on motor coordination and balance of mice under caffeine 
treatment by counting the latency to fall and falling frequency through rotarod test. Each bar represents the mean ± S.E.M. and statistics 
were analyzed using one-way ANOVA. *p<0.05 and **p<0.01. Abbreviations: Veh: vehicle; MD: maltodextrin; DZP: diazepam; RFE-GABA: 
rice germ fermented extract of γ-Aminobutyric acid (Each group, n=10).
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ating sleep interference induced by caffeine. 
While it is well understood that caffeine mainly antagonizes 

the adrenergic receptors to induce excitatory states (Dunwid-
die and Masino, 2001), the relationship of GABA supplementa-
tion and sleep enhancement, and how GABA improves sleep 
under caffeine induction are still to be explored. A study per-
formed by Kardos and Bandl demonstrated an allosteric inhib-
itory effect of caffeine to GABAA receptors (Kardos and Blandl, 
1994). In addition, caffeine may directly affect the levels of 
GABA neurotransmitters in yet unknown pathways (Fredholm 
et al., 1999). Another study revealed that caffeine administra-
tion increased the levels of 3α-hydroxy-5α-pregnan-20-one 
(3α,5α-THP or allopregnanolone), a strong positive alloste-
ric modulator of GABAA receptors in the brain (Concas et al., 
2000). In this regard, we can postulate that caffeine’s modula-
tory action to GABAA receptors could be counteracted by the 
increased availability of GABA neurotransmitters to be utilized 
by GABAergic neurons. 

There are increasing evidences of GABA targeting recep-
tors and pathways other than the expected GABA receptors. 
Recently, it was found that GABA treatment in mice increases 
immunoreactivity and protein levels of adenosine A1 recep-
tors (AA1R) in the circadian rhythm-controlling suprachias-
matic nucleus of the hypothalamus (Ahn et al., 2014). AA1R 
is thought to play an important role in the sleep-promoting ef-
fects of adenosine by inhibiting hypocretin/orexin neuronal ac-
tivity (Liu and Gao, 2007). It is indeed interesting to note in our 
study that GABA treatment was able to enhance sleep under 

caffeine that acts as a non-selective antagonist at adenosine 
receptors. Thus, it is also possible that GABA targets other re-
ceptors and independent pathways which have direct involve-
ment in sleep physiology. For example, GABA may increase 
the levels of melatonin and serotonin in the brain adding to its 
sleep-promoting properties (Kim et al., 2010). Indeed, there is 
a need for further mechanistic studies to explain the action of 
GABA extracts in the brain.

It is noteworthy to mention that caffeine prompted an in-
creased locomotor activity and decreased anxiety-like behav-
ior in mice, which could imply an induction of hyperactivity. Al-
though statistically insignificant, RFE-GABA supplementation 
slightly neutralized these caffeine-induced behaviors. It can be 
inferred that RFE-GABA supplement may have calming prop-
erties, but would not actually affect the level of locomotor per-
formance in mice when administered alone. Though caffeine-
induced psychomotor activation had been previously found 
and modelled (Estler, 1979; Skoog et al., 1986), recent studies 
have introduced caffeine as a mild stimulant improving atten-
tion in individuals with attention deficit hyperactivity disorder 
(ADHD) (Caballero et al., 2011; Pandolfo et al., 2013; Ioan-
nidis et al., 2014). Thus, it would be valuable to consider that 
whereas caffeine may improve attention in attention-deficient 
individuals, there could be a consequent increase in locomo-
tor activity as an independent pathway in vehicle subjects as 
is the case in amphetamine-stimulated animals. More interest-
ingly, it would also be of worth to test the possible effects of 
RFE-GABA in relation to drug-induced and strain-dependent 
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Fig. 3. Effects of RFE-GABA treatment on spontaneous locomotor activity and coordination of mice. Open field test was performed mea-
suring the distance moved (Fig. 3A), movement duration (Fig. 3B), distance moved in the center (Fig. 3C), and time spent in the center (Fig. 
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extract of γ-Aminobutyric acid (Each group, n=10).
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animal models of hyperactivity.
Caffeine has been generally correlated to be anxiogenic, 

but only in exceptionally high dosages, which could be rarely 
achieved in human average consumption. However, this study 
found that caffeine at a lower dosage (10 mg/kg) induced anx-
iolytic (hence impulsive) effect in mice, in contrast to its anxio-
genic properties at higher dosages (Jain et al., 2005). Several 
researchers commonly utilized caffeine-induced model of anx-
iety using higher doses (Baldwin and File, 1989; Youngstedt 
et al., 1998). Interestingly, during an elevated plus maze test 
of anxiety in rats using different caffeine dosages, 5 and 10 
mg/kg caffeine did not induce anxiogenesis while 50 and 100 
mg/kg caffeine brought a remarkably increased anxiety-like 
behavior (Jain et al., 2005). Thus, at lower dose, caffeine ap-
pears to have little or no effect in anxiety or possibly even de-
crease anxiety levels (Smith, 2002). We can also infer that the 
increased time spent of caffeine-induced mice in the center of 
the open field may indicate increased exploratory or response 
behavior to a novel environment (dela Peña et al, 2014). Thus, 
the effect of caffeine in increasing center field duration of stay 
in mice might be related to an elevated mood or increased 
attentive behavior.

Finally, in showing the promising potential benefits of RFE-
GABA administration in counteracting caffeine’s wakeful ef-
fects in mice, advancing the investigation of GABA pharmaco-
kinetics and mechanisms of actions at the cellular and organ 
level would be an essential subsequent step. Based in the 
scope of this study, interpretation of the results are still limited. 
Nevertheless, our study promotes the investigation of RFE-
GABA supplementation for its concrete therapeutic benefits in 
few studied conditions including our newly revealed findings 
in alleviating caffeine-induced sleep disruption. Eventually, 
RFE-GABA could undergo clinical trials as a novel nutraceuti-
cal supplement for sleep. Henceforth, in addressing the sleep 
problems of caffeine consumers, there is a great benefit in 
introducing nutraceutical agents from plant resources, as they 
are generally considered safe and easily produced.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

REFERENCES

Ahn, J. H., Im, C., Park, J. H., Choung, S. Y., Lee, S., Choi, J., Won, M. 
H. and Kang, I. J. (2014) Hypnotic effect of GABA from rice germ 
and/or tryptophan in a mouse model of pentothal-induced sleep. 
Food Sci. Biotechnol. 23, 1683-1688. 

Akama, K., Kanetou, J., Shimosaki, S., Kawakami, K., Tsuchikura, 
S. and Takaiwa, F. (2009) Seed-specific expression of truncated 
OsGAD2 produces GABA-enriched rice grains that influence a 
decrease in blood pressure in spontaneously hypertensive rats. 
Transgenic. Res. 18, 865-876.

Baldwin, H. A. and File, S. E. (1989) Caffeine-induced anxiogenesis: 
The role of adenosine, benzodiazepine and noradrenergic recep-
tors. Pharmacol. Biochem. Behav. 32, 181-186.

Barone, J. J. and Roberts, H. R. (1996) Caffeine consumption. Food 
Chem. Toxicol. 34, 119-129.

Beckford K, Grimes, C. A. and Riddell, L. J. (2015) Australian chil-
dren's consumption of caffeinated, formulated beverages: a cross-
sectional analysis. BMC Public Health 15, 70.

Caballero, M., Núñez, F., Ahern, S., Cuffí, M. L., Carbonell, L., Sánchez, 

S., Fernández-Dueñas, V. and Ciruela, F. (2011) Caffeine impro
ves attention deficit in neonatal 6-OHDA lesioned rats, an animal 
model of attention deficit hyperactivity disorder (ADHD). Neurosci. 
Lett. 494, 44-48.

Concas, A., Porcu, P., Sogliano, C., Serra, M., Purdy, R. H. and Biggio, 
G. (2000) Caffeine-induced increases in the brain and plasma con-
centrations of neuroactive steroids in the rat. Pharmacol. Biochem. 
Behav. 66, 39-45.

dela Peña, I., Gonzales, E. L., de la Peña, J. B., Kim, B.-N., Han, D. 
H., Shin, C. Y. and Cheong, J. H. (2014) Individual differences in 
novelty-seeking behavior in spontaneously hypertensive rats: En-
hanced sensitivity to the reinforcing effect of methylphenidate in 
the high novelty-preferring subpopulation. J. Neurosci. Methods. 
[Epub ahead of print]

Dunwiddie, T. V. and Masino, S. A. (2001) The role and regulation of 
adenosine in the central nervous system. Annu. Rev. Neurosci. 24, 
31-55.

Estler, C. J. (1979) Influence of pimozide on the locomotor hyperactiv-
ity produced by caffeine. J. Pharm. Pharmacol. 31, 126-127.

Fitt, E., Pell, D. and Cole, D. (2013) Assessing caffeine intake in the 
United Kingdom diet. Food Chem. 140, 421-426.

Frary, C. D., Johnson, R. K. and Wang, M. Q. (2005) Food sources and 
intakes of caffeine in the diets of persons in the United States. J. 
Am. Diet. Assoc. 105, 110-113.

Fredholm, B. B., Bättig, K., Holmén, J., Nehlig, A. and Zvartau, E. E. 
(1999) Actions of caffeine in the brain with special reference to fac-
tors that contribute to its widespread use. Pharmacol. Rev. 51, 83-
133.

French, S. A., Lin, B. H. and Guthrie, J. F. (2003) National trends in 
soft drink consumption among children and adolescents age 6 
to 17 years: Prevalence, amounts, and sources, 1977/1978 to 
1994/1998. J. Am. Diet. Assoc. 103, 1326-1331.

Gottesmann, C. (2002) GABA mechanisms and sleep. Neuroscience 
111, 231-239.

Heckman, M. A., Weil, J. and De Mejia, E. G. (2010) Caffeine (1, 3, 
7-trimethylxanthine) in Foods: A comprehensive review on con-
sumption, functionality, safety, and regulatory matters. J. Food Sci. 
75, R77-R87.

Hino, A., Adachi, H., Enomoto, M., Furuki, K., Shigetoh, Y., Ohtsuka, 
M., Kumagae, S.-I., Hirai, Y., Jalaldin, A., Satoh, A. and Imaizumi, T. 
(2007) Habitual coffee but not green tea consumption is inversely 
associated with metabolic syndrome: An epidemiological study in a 
general Japanese population. Diabetes Res. Clin. Pract. 76, 383-
389.

Huang, Z. L., Qu, W. M., Eguchi, N., Chen, J. F., Schwarzschild, M. 
A., Fredholm, B. B., Urade, Y. and Hayaishi, O. (2005) Adenosine 
A2A, but not A1, receptors mediate the arousal effect of caffeine. 
Nat. Neurosci. 8, 858-859.

Ioannidis, K., Chamberlain, S. R. and Müller, U. (2014) Ostracising 
caffeine from the pharmacological arsenal for attention-deficit hy-
peractivity disorder-was this a correct decision? A literature review. 
J. Psychopharmacol. 28, 830-836.

Jain, N. S., Hirani, K. and Chopde, C. T. (2005) Reversal of caffeine-in-
duced anxiety by neurosteroid 3-alpha-hydroxy-5-alpha-pregnane-
20-one in rats. Neuropharmacology 48, 627-638.

Juhász, G., Emri, Z., Kékesi, K. and Pungor, K. (1989) Local perfu-
sion of the thalamus with GABA increases sleep and induces long-
lasting inhibition of somatosensory event-related potentials in cats. 
Neurosci. Lett. 103, 229-233.

Kardos, J. and Blandl, T. (1994) Inhibition of a gamma aminobutyric 
acid A receptor by caffeine. Neuroreport 5, 1249-1252.

Kim, S., Oh, S., Jeong, M., Cho, S., Kook, M., Lee, S., Pyun, Y. and 
Lee, H. (2010) Sleep-inductive effect of GABA on the fermentation 
of mono sodium glutamate (MSG). Korean J. Food Sci. Technol. 
42, 142-146

Komatsuzaki, N., Tsukahara, K., Toyoshima, H., Suzuki, T., Shimizu, 
N. and Kimura, T. (2007) Effect of soaking and gaseous treatment 
on GABA content in germinated brown rice. J. Food Eng. 78, 556-
560.

Landolt, H. P., Rétey, J. V., Tonz, K., Gottselig, J. M., Khatami, R., 
Buckelmuller, I. and Achermann, P. (2004) Caffeine attenuates 
waking and sleep electroencephalographic markers of sleep ho-



274

Biomol  Ther 23(3), 268-274 (2015)

http://dx.doi.org/10.4062/biomolther.2015.022

meostasis in humans. Neuropsychopharmacology 29, 1933-1939.
Liu, Z. W. and Gao, X. B. (2007) Adenosine inhibits activity of hypocre-

tin/orexin neurons by the A1 receptor in the lateral hypothalamus: 
a possible sleep-promoting effect. J. Neurophysiol. 97, 837-848.

Ma, Y., Ma, H., Eun, J. S., Nam, S. Y., Kim, Y. B., Hong, J. T., Lee, M. 
K. and Oh, K. W. (2009) Methanol extract of Longanae Arillus aug-
ments pentobarbital-induced sleep behaviors through the modifi-
cation of GABAergic systems. J. Ethnopharmacol. 122, 245-250.

Mathias, S., Wetter, T. C., Steiger, A. and Lancel, M. (2001) The GABA 
uptake inhibitor tiagabine promotes slow wave sleep in normal el-
derly subjects. Neurobiol. Aging 22, 247-253.

Mitchell, D. C., Knight, C. A., Hockenberry, J., Teplansky, R. and Hart-
man, T. J. (2014) Beverage caffeine intakes in the US. Food Chem. 
Toxicol. 63, 136-142.

Nakamura, H., Takishima, T., Kometani, T. and Yokogoshi, H. (2009) 
Psychological stress-reducing effect of chocolate enriched with 
γ-aminobutyric acid (GABA) in humans: assessment of stress us-
ing heart rate variability and salivary chromogranin A. Int. J. Food 
Sci. Nutr. 60, 106-113.

Nakamura, T., Matsubayashi, T., Kamachi, K., Hasegawa, T., Ando, Y. 
and Omori, M. (2000) γ-Aminobutyric acid (GABA)-rich Chlorella 
depresses the elevation of blood pressure in spontaneously hy-
pertensive rats (SHR). Nippon Nogeikagaku Kaishi 74, 907-909.

Narayan, V. S. and Nair, P. M. (1990) Metabolism, enzymology and 
possible roles of 4-aminobutyrate in higher plants. Phytochemistry 
29, 367-375.

Oh, C. H. and Oh, S. H. (2004) Effects of germinated brown rice ex-
tracts with enhanced levels of GABA on cancer cell proliferation 
and apoptosis. J. Med. Food 7, 19-23.

Oh, S. H. (2003) Stimulation of gamma-aminobutyric acid synthesis 
activity in brown rice by a chitosan/glutamic acid germination solu-
tion and calcium/calmodulin. J. Biochem. Mol. Biol. 36, 319-325.

Ojima, K., Matsumoto, K., Tohda, M. and Watanabe, H. (1995) Hy-
peractivity of central noradrenergic and CRF systems is involved 
in social isolation-induced decrease in pentobarbital sleep. Brain 
Res. 684, 87-94.

Pandolfo, P., Machado, N. J., Köfalvi, A., Takahashi, R. N. and Cunha, 
R. A. (2013) Caffeine regulates frontocorticostriatal dopamine trans

porter density and improves attention and cognitive deficits in an 
animal model of attention deficit hyperactivity disorder. Eur. Neuro-
psychopharmacol 23, 317-328.

Saikusa, T., Horino, T. and Mori, Y. (1994) Accumulation of γ-amino
butyric acid (GABA) in the rice germ during water soaking. Biosci. 
Biotechnol. Biochem. 58, 2291-2292.

Shirlow, M. and Mathers, C. (1985) A study of caffeine consumption 
and symptoms: indigestion, palpitations, tremor, headache and in-
somnia. Int. J. Epidermiol. 14, 239-248.

Skoog, K. M., Cain, S. T. and Nemeroff, C. B. (1986) Centrally admin-
istered neurotensin suppresses locomotor hyperactivity induced by 
d-amphetamine but not by scopolamine or caffeine. Neuropharma-
col. 25, 777-782.

Smit, H. J. and Rogers, P. J. (2002) Effects of ‘energy’ drinks on mood 
and mental performance: critical methodology. Food Qual. Prefer. 
13, 317-326.

Smith, A. (2002) Effects of caffeine on human behavior. Food Chem. 
Toxicol. 40, 1243-1255.

Tian, J., Yong, J., Dang, H. and Kaufman, D. L. (2011) Oral GABA 
treatment downregulates inflammatory responses in a mouse mod-
el of rheumatoid arthritis. Autoimmunity 44, 465-470.

Turek, F. W. and Losee-Olson, S. (1986) A benzodiazepine used in the 
treatment of insomnia phase-shifts the mammalian circadian clock. 
Nature 321, 167-186.

Vuillermot, S., Joodmardi, E., Perlmann, T., Ove Ogren, S., Feldon, 
J. and Meyer, U. (2011) Schizophrenia-relevant behaviors in a ge-
netic mouse model of constitutive Nurr1 deficiency. Genes Brain 
Behav. 10, 589-603.

Watanabe, M., Maemura, K., Kanbara, K., Tamayama, T. and Haya-
saki, H. (2002) GABA and GABA receptors in the central nervous 
system and other organs. Int. Rev. Cytol. 213, 1-47.

Westerterp-Plantenga, M., Diepvens, K., Joosen, A. M. C. P., Bérubé-
Parent, S. and Tremblay, A. (2006) Metabolic effects of spices, 
teas, and caffeine. Physiol. Behav. 89, 85-91.

Youngstedt, S. D., O'Connor, P. J., Crabbe, J. B. and Dishman, R. 
K. (1998) Acute exercise reduces caffeine-induced anxiogenesis. 
Med. Sci. Sports Exerc. 30, 740-745.




